Abstract: The vertical component of the Earth's magnetic field observed by L'Aquila observatory has been used to detect geomagnetic signal associated with earthquake of 6th of April, 2009. The main shock occurred at 01 : 32 : 41.4 UT and was rated 5.8 on the Richter scale and 6.3 on the moment magnitude scale (M w ). The epicenter occurred at 7 km away from the Geomagnetic Observatory of L'Aquila. This favorable condition is an excellent opportunity for detect the magnetic signals induced by this seismic active. To detect these disturbances in the geomagnetic data, the discrete wavelet technique have been used in four levels of decomposition. Using the minutely magnetogram data, we were able to detect the geomagnetic variations induced by the earthquake at the exactly time of the main shock and the following variations due to the aftershocks. The first interpretation of the results suggests that discrete wavelet transform can be used to detect the earthquake effects on the geomagnetic field, but still need further study.
INTRODUCTION
On 6th of April, 2009 occurred an earthquake in the region of Abruzzo, in central Italy. The main shock occurred at 01 : 32 : 41.4 UT and was rated 5.8 on the Richter scale and 6.3 on the moment magnitude scale (M w ). The epicenter occurred at 7 km away from the Geomagnetic Observatory of L'Aquila. L'Aquila, the capital of Abruzzo, together with surrounding villages suffered most damage. There have been several thousand foreshocks and aftershocks since December 2008, more than thirty of which had a Richter magnitude greater than M w = 3.5.
The main shock of 6 April 2009 earthquake was preceded by two smaller earthquakes on the previous day. The earthquake was felt as far away as Rome (92 km), in other parts of Lazio region, as well as Marche, Molise, Umbria and Campania regions.
In this work, we focused in the geomagnetic variations induced by the L'Aquila earthquake and the following aftershocks on the 6th of April, 2009. For detect the small singularities in the geomagnetic data, the discrete wavelet technique have been used in four levels of decomposition. The purpose of this work is to validate the wavelet technique as a way to identify the effects related to this earthquake in the Z-component of the Earth's magnetic field.
Section 2 is devoted to present a brief introduction of discrete wavelet transform. Section 3, the data and the analyzed period is presented. In the Section 4, a discussion about the results is given. Finally, in Section 5 follows the final remarks of this work.
DISCRETE WAVELET TRANSFORM (DWT) METHODOLOGY
The discrete wavelet transform has experienced a great improvement with the introduction of the mathematical tool called Multiresolutional Analysis (MRA). This tool allows us to choose the wavelet function, wavelet spaces and discrete wavelet transforms based on band-pass filters that are multiscale transforms associated with discrete scale and position values. In space geophysics applications, the main characteristic of the wavelet technique is the introduction of timefrequency decomposition [e.g. [1] [2] [3] . In the 1990s several important ideas and applications concerning wavelet were developed [e.g. [4] [5] [6] [7] .
The wavelet analysis could show that the larger amplitude of the wavelet coefficients are associated with abrupt signal locally. In several works [e.g. [1] [2] [3] , the transition region and the exactly location of this discontinuities due to the geomagnetic storms are detected. The multiresolution analysis is a mathematical tool used to build up wavelet functions [e.g. 4, 8] .
In this work we use the Daubechies (db1) wavelet function of order 1 (Haar wavelet). In this case the coefficients
. The wavelet transform can be used in the analysis of nonstationary signals to rescue information on the frequency or scale variations of those signals and to detect the localization of its structures in time and/or in space. Due to this double localization property of the wavelet function, the wavelet transform is said to be of local type in time-frequency, with time and frequency resolutions inversely proportional. As a property of the wavelet analysis, it is possible to show that the wavelet coefficients amplitude is associated with abrupt signal variations or "details" of higher frequency [6, 9] . Selecting a wavelet function which closely matches the signal to be processed is of utmost importance in wavelet applications. A tutorial on the main properties and applications of the wavelet analysis can be found, for instance, in [1] and [2] .
A hard thresholding process has been applied to the wavelet coefficients for the first three decomposition levels to identify the storm time in the magnetograms, as has been discussed by [2] . Thresholding concerns the process of setting to zero certain coefficients in an effort to highlight significant information, in this case the shock-like transient phenomena that appear in the main phase of the magnetic storms. It was found that 2 j−1 could be used as threshold sets for the decomposition levels (dj) 2 , because according to Meyer theorem, the multilevel threshold sets may have a multiplicity of 2 [9] .
In this analysis, we choose to use the Haar wavelet and the sampling rate of 1 min, the pseudo-periods of the first four levels are 2, 4, 8 and 16 min. The most simple orthogonal analyzing wavelet function is the Haar wavelet. The discrete wavelet transform (DWT) using Haar wavelet detects abrupt variations, i. e., one localization feature in the physical space. For instance the Haar wavelet has a compact support in physical space and a large support in Fourier space. In another words, Haar wavelet have a better localization on time than on frequency what is expected by the Heisenberg's uncertainty principle [as discussed in 4].
DATASET
In this paper, we are interested in identifying the geomagnetic variations in the wavelet's response to the L'Aquila earthquake of 6 April 2009. To fulfill our purpose, we selected the Geomagnetic Observatory of L'Aquila (AQU), also belonging to the INTERMAGNET programme (http://www.intermagnet. org). This studied event occurred during the solar minimum of the 23th solar cycle. The 6th of April 2009 can be considered a geomagnetically quiet day. In this work, we used the H-SYM index to identify periods of disturbed geomagnetic field conditions. The maximum value of the H-SYM index was 11 nT and the minimum value was −7 nT. The H-SYM is essentially the same as the traditional hourly Dst index. The Dst index is most used to describe the low and midlatitudes geomagnetic behaviors. It represents the variations of the H-component due to changes of the ring current. The characteristic signature of a magnetic storm is a depression in the horizontal component of the Earth's magnetic field H and this depression is shown by the Dst index. The main characteristic of the 1 minute time resolution H-SYM index is the solar wind dynamic pressure variations are more clearly seen than indexes with lower time resolution. Its calculation is based on magnetic data provided by 11 stations of low and medium latitude. Only six of the stations are used for its calculation of each month, some stations can be replaced by others depending on the data conditions. As mentioned before, the H-component is more affected by the solar-magnetospheric interactions, consequently, also the X-and Y-component. These variations, specially in the ring current, have a major contribution on the magnetograms at stations located at low and mid-latitude regions. Due to the Z-component be less affected than the H-component, we decided to use the Z-component (1 minute resolution) to detect the geomagnetic variations induced by the earthquake. [10] showed that the oscillations on the Earth's magnetic field caused by the Sumatra earthquake 2004 appeared mainly in the Z-component because of the small inclination of the local geomagnetic field in the areas near to the epicenter and the delay on these variations was about 6 to 7 minutes from the earthquake time in less than 1500 km radius distance.
DISCUSSION
The Earth's magnetic field is the superposition of contributions from two main sources: internal (dynamo of fluid core, magnetization of rocks in the crust and induced currents by variation of the external sources) and external (electric currents flowing in the ionosphere and magnetosphere). [11] detected an increase of the ionospheric ionization during the L'Aquila earthquake that could be explained by the generation of acoustic and gravity-acoustic waves due to thermodynamical processes in the Earth's crust. These waves often can reach ionospheric layers. Also the emanation of chemical substances (radon, light gases and aerosols with metal content) leads to changes of the electrodynamic properties of the atmosphere over the region of the earthquake. Fig. 1 shows the discrete wavelet decomposition applied to geomagnetic minutely data using Daubechies orthogonal wavelet family 1. From top to bottom in this figure, the H-SYM index, the Z-component and the first four levels of wavelet coefficients for the 6 April 2011. The arrows locate the earthquake and aftershocks with M w ≥ 4.5. Table 1 lists the earthquake and aftershocks with location, depth and moment magnitude scale (M w ). In this table, the * symbol represents the earthquake and the aftershocks with M w ≥ 4.5.
In Fig. 1 , for this event, it is possible to notice the pres-ence of very detectable wavelet coefficients for the first level of decomposition in association with the main shock of the earthquake. The abrupt variations of the vertical component of the geomagnetic field are emphasized by the highest amplitudes of the wavelet coefficients. On the other hand, the smooth variations due to the magnetosphere under quiet conditions, present very small amplitude of wavelet coefficients. In [2] , it was found that, "when a geomagnetic storm is under development (disturbed periods) the wavelet coefficients are significantly large", specially during the initial and main phase. The aftershock at 07 : 17 : 16.1 with M w = 4.5 was well identified by the first and second levels of decomposition. While the aftershock at 16 : 38 : 10.7 with M w = 4.5 presented the highest wavelet coefficients amplitudes at the first, second and third levels of decomposition.
[12] detected electromagnetic emissions during the L'Aquila earthquake few minutes before, during the main shock and during the 50 minutes following the main shock and aftershocks with M w ≥ 5.0. These emissions presented amplitudes of 100-200 pT. The earthquake mechanism to generate electric charges could be explained by two different sources: by compression of the rocks through the piezoelectric or triboelectric effects and by the diffusion of fluids inside de ground [see 12, and references therein].
The wavelet structures appearing following the main shock and aftershocks in Fig. 1 can be explained by the electromagnetic emissions as result of tectonic motions and the disturbances in the ionosphere caused by seismogenic electric fields due to the propagation of acoustic and gravityacoustic waves.
The mechanism of the acoustic and gravity-acoustic waves for generation of geomagnetic variations consists of the vertical wind oscillation caused by the duct resonance set up by the earthquake, a wide area at the epicenter suddenly lifted up or depressed and an atmospheric pressure variation propagates upward as an acoustic and gravity-acoustic waves. This waves generates a eletric field by polarization and by the dynamo current in an east-west direction over the epicenter. The polarized electric field is mapped along the geomagnetic field to the ionosphere. The electric field then generates the ionospheric currents in both east-west and north-south direction by Pedersen and Hall ionospheric conductivities causing geomagnetic oscillations on the ground [see 10, and references therein].
[13] concluded that seismic effects on the ionosphere is a continuous process and essential source of ionospheric variability and such effects could appear at least 5 days before an earthquake.
FINAL REMARKS
The preliminary remarks in this analysis can be summarized as follows:
-The wavelet technique can localize the behavior of the geomagnetic variations induced by earthquake and aftershocks due to two propably causes: 1) the electromagnetic emissions by tectonic motions and the disturbances in the ionosphere caused by seismogenic electric fields due to the propagation of acoustic and gravity-acoustic waves.
-The first level of wavelet decomposition well localize the earthquake main shock exactly time of occurrence and some aftershocks with M w ≥ 4.5.
-The four decompositions levels presented the coefficients wavelet very structured and spiked even after the main shock. The probably cause is the electromagnetic emissions can be detect after 50 minutes following the main shock and aftershocks with M w ≥ 5.0.
-The discrete wavelet transform (Daubechies -db1) provides a better local chacterization of the signal and it may be the most convenient to represent times series with abrupt variations or steps, i. e., very small and localized variations as the discontinuities in the Z-component due to the earthquake.
-The discrete wavelet transform is an alternative way to analyze the global influence of the earthquakes on the geomagnetic field and it could be used as a sophisticated tool in the geomagnetic signal analysis.
The results obtained are encouraging. But the present study dealt with just one earthquake event and one magnetic station. In the next step, we will present a further study using more events and more stations to do a complete analysis. The first interpretation of the results suggests that discrete wavelet transform can be used to characterize the earthquake effects on the geomagnetic field, but need further study. 
